Rare SWCNT materials contain both metallic SWCNT (m-SWCNT) and semi-conducting SWCNT(s-SWCNT). Since m-SWCNT and s-SWCNT have very different applications, it is necessary to differentiate them so as to further separate them for more efficient CNT utilization. To achieve this goal, the authors established a dielectric force microscope (DFM) detection system to differentiate s-SWCNT from m-SWCNT, based on different 2 force decided by SWCNT's conductivity under AC electric field. The experimental results showed that s-SWCNT can be clearly differentiated from m-SWCNT. The statistics analysis shows that the detected number proportion of s-SWCNT to m-SWCNT matches the well-known proportion 2:1 in the normally prepared CNT materials. The above results strongly verified the effectiveness of the detection system.
Introduction
In 1993, SWCNT was discovered by Iijima's group and D.S. Bethune's group [1, 2] . Since then it has gotten widespread attention due to its novel properties and potential applications in nano devices. As we know, SWCNT presents special electrical properties which could be metallic SWCNT (m-SWCNT) or semi-conducting SWCNT (s-SWCNT) according to its chirality and diameter [3] [4] [5] . As m-SWCNT could bear large electric current, it could be used as perfect connector in nano-electronic devices [6] . Because s-SWC-NT is sensitive to voltage and other parameters, it is widely used in logic circuit, sensors and other nano-electronic devices [7] [8] [9] [10] . Rare SWCNT material is the mixture of s-SWCNT and m-SWCNT. Even though scientists have done extensive research to improve the purity level of CNT, so far SWCNT with single conductivity is difficult to obtain. In addition, the proportion of each kind of SWCNT still needs to be accurately measured. For more efficient SWCNT utilization and the performance improvement of nano devices, we need effective method and system to identify SWCNT's conductivity. The usual method is to detect the conductivity in the CNT transistor [11] . However, this method requires fabricating large numbers of single-SWCNT transistors, which is difficult, costly, and inefficient. There are optical methods to detect its conductivity, for example, Raman and Rayleigh scattering. These options have their disadvantages, too. With Raman method, the topographic image of the detected CNT can not be obtained simultaneously. It is only suitable for qualitative analysis [12] . Rayleigh scattering needs extremely light source of very high signal-to-noise ratio, which limits its application.
The invention of the DC electric force microscope (EFM) [13] system presents a new option for detecting of CNT's electrical properties. However, our previous study shows that the probe's lift-up height severely affects the detection results, which makes the method not reliable. In the past, Chen's group proved that transverse polarizability of armchair and zigzag nanotubes is proportional to the square of tube diameter and the longitudinal dielectric properties can differentiate metallic and semiconducting nanotubes theoretically and experimentally [14, 15] . In this research, we propose to establish a new detection system based on dielectric force microscopy (DFM) principle [15] to detect CNT's conductivity. During CNT's conductivity detection, because alternating current (AC) signal with frequency ω is applied to the probe and the substrate, the electric force acting on the probe caused by AC electric field includes three terms: constant term,  term, and 2 term. Because s-SWCNT and m-SWCNT have different dielectric constant, which causes different 2ω force acting on the probe, SW-CNT with different conductivity can be distinguished by measuring the 2 force with a lock-in amplifier. With this system, CNT's conductivity can be detected online, and the effectiveness of the system can be verified with experiments.
DFM detecting method and principle

DFM detecting method
Electric force microscope (EFM) can detect the electric interactions between sample and probe by measuring the vibration of the probe. As an AC electrical signal with frequency ω is applied between the probe and the substrate, the sample on the substrate will be polarized in the AC electric field and an electric force will be aroused and applied on the probe from the sample, which will change the probe's resonant frequency or phase, thus the electrical properties of the sample can be detected. In our system, we get 2 signal as the dielectric signal which is proportional to the 2 dielectric force, and here we call it Dielectric Force Microscope (DFM).
During DFM detecting, the probe will execute lift-mode scan to get the DFM image as shown in Figure 1 .
In the first scan, the system records topographical data in Tapping Mode. In the second scan, the probe raises and scans to get the electric force information between the probe and the sample while maintaining a constant separation between the probe and the surface topography. Thus, the system can get the electrical information of the measured sample without the topographical influence.
DFM detecting principle
In lift-mode scan, an AC signal is applied between the probe and the substrate. We choose AC signal for the following reasons. Firstly, compared with DC signal, it is easier to remove the noises of the detected DFM signal during the signal processing. Secondly, we could extract the 2 signal related to CNT's dielectric constant from the detected signal. CNT's conductivity depends on the 2 signal. The AC signal will polarize the sample, which will produce a force to the probe. This force including coulombic force and capacitance-type force [16] can be expressed by
where F is the total force applied to the tip, F coul is coulombic force and F cap is capacitance-type force. The forces F coul and F cap can be expressed in the following form:
Thus, the force F can be presented as
where Q tip means charges of the tip. It includes image charges Q im induced by charges on the surface and charges on the capacitor CV tot , E z means electric field strength around the tip. It includes two parts: z S E , produced by electro-static charges and multi-poles;
duced by oscillation polarization induced in the sample by the AC electric field. z d E is related to the dielectric constant and geometry of the detected SWCNT. Thus, the total force can be expressed as
When the last part of the above eq. (5) is considered, the force with frequency 2 named F(2) can be expressed as
where f({g})is the function of  and g.  is the dielectric constant of the sample and g is associated with the geometry of the sample. 3 Experimental system and materials
Experimental system
The basic structure of the DFM detection system is shown in Figure 2 . During the lift-mode pass after the first topographical scan, an AC voltage signal is applied to the conductive probe and the substrate, and the lock-in amplifier will process the original vibration signal and output the 2 signal for imaging. Thus, the topographic image and the 2 signal image can be obtained simultaneously.
To fulfill the function of providing the two images described above, we build a DFM detection system based on Dimension 3100 Atomic Force Microscope (AFM) system shown in Figure 3 .
As shown in Figure 3 , the DFM detection system consists of the following four modules: the imaging module, which is Dimension 3100 AFM system; the signal controlling module, referring to the electrical relay device; the signal applied module, which is the function generator; and the signal processing module, mainly including a lock-in amplifier. As the AFM system can only provide DC voltage signal, an external function generator is utilized to provide AC voltage and reference signal simultaneously. The AC signal is applied to the probe through the AFM Signal Access Module (SAM). However with the external function generator, the AFM system software can't control the external signal and it will influence the normal AFM imaging.
To solve the problem, an electrical relay device is added to the system. During AFM topographic imaging, the relay device is open and the external AC signal can't be applied to the probe to influence the normal imaging. As soon as the probe lifts up, a high-level signal is generated and its output is sent to the relay device, thus the relay device will close immediately and the AC signal from external function generator can be applied to the probe. Then, the lock-in amplifier used here can get the 2 signal.
Experimental materials
SWCNT sample is prepared by normal chemical vapor dep- osition (CVD) process. The substrate is silicon chip with several hundreds of nanometer thermal oxide on its surface.
50 L well-dispersed SWCNT suspension is transferred to a test tube to be diluted by ultrasonic technique. The SWCNT is dropped on Si substrate and the sample is kept in a dry oven for the solvent to evaporate.
The probe used for EFM imaging is SCM-PIT type probe with a rectangle cantilever, which has a resonance frequency of about 75 kHz and force constant of 2.8 N/m, and a tip with radius about 20 nm. And the scanning image is under tapping mode in the atmospheric environment.
Results and discussions
After the experimental system and materials were wellprepared, the DFM experiments were performed. Figure 4 shows an experimental result. Figure 4(a) is the topographical image obtained in the first scan. Figure 4(b) is the 2 signal image processed by the lock-in amplifier.
In Figure 4 Besides the analysis of the CNTs with different diameter, we also got 2 signal images of the same-diameter CNTs directly grown on silicon. The result is shown in Figure 5 . Evidently, the diameter of the CNTs is almost the same, but the 2 signal of CNTs in the oval frame is much weaker than the signals of others as shown in Figures 5(c) and (f). Figures 5(b) and (e) show that, the bright one has a larger signal than the darker one, which means the 2 signal is much stronger than the others, indicating that they are metallic CNTs while the others are semi-conduct-ing CNTs. From Figure 5 (b) it can be seen that the numbers of s-CNT and m-CNT are 6 and 3 respectively, exactly matching the number proportion 2:1 of s-CNT to m-CNT of the normally prepared SWCNTs [17] . In Figure 5 (e) the number of s-CNT and m-CNT are 5 and 3, respectively. The proportion of s-CNT to m-CNT is close to 2:1.
In order to further verify the effectiveness of the proposed method, we did more experiments and the results are presented in Figure 6 . Figures 6(a) and (b) show the 2 signal image. Figure 6(c) is the statistical results of the 2 signal.
With the help of Matlab software, the relationship of the diameter and 2 signal of CNTs in Figures 6(a) and (b) is shown in Figure 6 (c). The 2ω signal measurements are significantly different. SWCNTs with strong 2 signal are metallic, while SWCNTs with weak 2 signal are semiconducting. Therefore from the different 2 signal we can differentiate s-CNT from m-CNT. Figure 6(c) shows that the signal of m-CNT is higher than 70 while the signal of s-CNT is lower than 60. Based on the above discussion, the SWCNT is divided into two groups in the picture, SWCNTs in green rectangle on top of the picture are metallic, while others in red oval frame are semi-conducting. From the statistical result of Figure 6 (b), it can be seen that the number of s-CNT is 11 while the number of m-CNT is 5, which also matches the normal proportion of s-CNT to m-CNT.
Conclusions
To differentiate s-SWCNT from m-SWCNT, we established a DFM detection system to detect CNT conductivity, based on the force F(2) decided by CNT's dielectric constant. By this detection system, the 2 signal reflecting CNT's electrical properties can be obtained, and s-SWCNT and m-SWCNT are easy to be distinguished from the signal images. The statistical number proportion of s-SWCNTs to m-SWCNTs detected by this system matches the wellknown proportion 2:1 in normally prepared CNT materials.
